Although recent experimental studies have demonstrated that doping of nanoporous carbons with nitrogen is an effective strategy for highly diluted formaldehyde capture, the impact of carbon surface chemistry and the pore size on formaldehyde capture at~ppm concentrations is still poorly understood and controversial. This work presents a combined theoretical and experimental study on dynamic formaldehyde adsorption on pure and oxidized nanocarbons. We find using Monte Carlo simulations and confirm experimentally that cooperative effects of pore size and oxygen surface chemistry have profound impacts on the breakthrough time of formaldehyde. Molecular modeling of formaldehyde adsorption on pure and oxidized model nanoporous carbons at~ppm pressures reveals that high adsorption of formaldehyde ppm concentrations in narrow ultramicropores <6 Å decorated with phenolic and carboxylic groups is correlated with long formaldehyde breakthrough times measured in the columns packed with specially prepared oxidized activated carbon fiber adsorbents with the pore size of~5 Å.
Introduction
Formaldehyde, an organic polar molecule with effective sizẽ 2.5 Å and large 2.6 D dipole moment [1] , belongs to a class of chemicals called carcinogenic volatile organic compounds (VOC). Formaldehyde and phenol-formaldehyde adhesives have been extensively used in many industrial applications (e.g. textile and plastic industry, automobile sector, wood processing, paints, etc.) and medical sector (biocide and disinfectant). As formaldehyde occupational exposure limit value is fixed at 0.5 ppm per 8 h [2] , one needs to design efficient adsorbents capable of capturing indoor formaldehyde at extremely low concentrations (below 1 ppm).
Recent breakthrough experiments of formaldyhyde adsorption a series of nitrogen-rich activated carbon fibers (N-rich ACF) suggest that nitrogen functionalities (e.g. pyridinic, pyrrolic, pyridonic nitrogen groups) have a dominant role during capture of highly low concentrated formaldehyde [3, 4] . Lee et al. [3] concluded that an effective adsorbent for formaldehyde and other polar pollutants should contain intrinsically abundant adsorption sites for target compounds (i.e., sufficient pore volume, functional groups and adequate pore size), and hydrophobic moieties enough to repel water molecules. In another work, Lee et al. [4] found that electrospun polyacrylonitrile (PAN)-based nanofibers are superior for removing of formaldehyde at low concentrations (ca. 11 ppm) using breakthrough experiments. The observed long breakthrough times for a series of (PAN)-based nanofibers were explained by their tailored microporosity (pore size <1 nm, following to IUPAC [5] ) and abundance of surface nitrogen groups (~18e23 wt % from the elemental analysis). PAN-based nanofibers with surface area of 1250 m 2 /g and nitrogen content of 4 % wt. adsorb~0.17 mmol/g formaldehyde. In contrast, PAN-based nanofibers with surface area of 450 m 2 /g and nitrogen content of 10 % wt. adsorb~0.43 mmol/g formaldehyde. The authors concluded that formaldehyde adsorption capacity is caused by the abundant surface nitrogencontaining groups on carbon surface, whilst the higher surface area also benefits to improve the performance of formaldehyde adsorbents [4] . Similar experimental results and conclusions were presented by other research groups [6e8]. In particular, Song et al. [8] reported a linear empirical relationship between formaldehyde adsorption and the N/C ratio. Interestingly, they did not find a relationship between the concentration of surface oxygen groups (i.e., O/C ratio) and formaldehyde adsorption capacity [8] . Similarly, An et al. [9] showed that N-doped ordered mesoporous carbon CMK-3 samples of~3.66% nitrogen with a large specific surface areã 1600 m 2 /g removed indoor formaldehyde more efficiently than pristine and oxidized CMK-3 samples. Oxidation of CMK-3 with concentrated H 2 SO 4 did not significantly improve the adsorption of formaldehyde at of~ppm concentrations [9] . Carter et al. [10] investigated the mechanism of formaldehyde adsorption on ACF and granular activated carbons (GAC). In contrast to Song et al. [8] , the authors reported a correlation between formaldehyde adsorption capacity at 7e11 ppmv and the density of basic surface oxygen groups [10] . The experimental adsorption isotherms of formaldehyde vapor on GAC and ACF are classified as type V according to IUPAC [5, 10] . These observations confirm that formaldehyde molecules are weakly interacting with pristine carbon surfaces, and thereby formaldehyde adsorption at very low concentrations is potentially associated with cluster formation and growth around basic oxygen-containing functional groups. However, the clustermediated mechanism of formaldehyde adsorption around hydrophilic adsorption centers of basicity is still poorly understood and controversial. Experimental studies show that activated carbons having specific adsorption sites, such as, surface O-or N-containing functional groups of basicity are indispensable to remove very low concentrated formaldehyde to provide a clean air [3, 4, 10] . Yet, the previous studies cannot draw solid conclusions about the pore size and surface chemistry that maximize the capture of formaldehyde. It is not surprising because carbonaceous materials are both structurally and energetically heterogeneous [11e25]. The intrinsic distribution of pore sizes and diversity of various surface functional groups hamper our ability to understand microscopic details of the mechanism of dynamic formaldehyde adsorption at~ppm concentrations. In particular, N-rich carbonaceous materials coexist with precursor-derived surface O-containing functional groups [3, 4] . Moreover, irreversible chemisorption of oxygen on highly reactive sites (such as, edges and structural defects) on carbon surface is responsible for an additional doping [26, 27] . In~ppm order adsorption mineral ash (e.g. silicates and metal oxides) and other heteroatoms (e.g. sulfur, phosphorus, heavy metals, etc.) can interfere understanding of the mechanism of low concentrated formaldehyde dynamic adsorption because of the competitive adsorption at the high energetic sites [28] . Therefore, the empirical relationships between N/C or O/C ratio and the formaldehyde capacity should be taken with caution [8] .
In this work we present a comprehensive study of formaldehyde dynamic adsorption on microporous carbons. Firstly, we use atomistic Monte Carlo simulations of formaldehyde adsorption in pure and oxidized carbon micropores in the grand canonical and meso-canonical ensembles to understand microscopic details of the formaldehyde adsorption mechanism from~ppm to 2 atm. The main question to be addressed with molecular simulations is whether there are cooperative effects of pore size and oxygen surface chemistry on formaldehyde capture at~ppm concentrations. Secondly, we bridge the molecular modeling with experiment on well-characterized pitch-based ACF. Finally, we presented conclusions and future prospects for highly efficient lowconcentrated formaldyhyde capture from molecular simulation aided nanoporous carbon design.
2. Experimental details, molecular models and efficiency factor
Materials, modifications and formaldehyde breakthrough experiments
We studied two samples of pitch-based activated carbon fibers (ACF) with published pore size of 5 Å and 7 Å from the Osaka Gas Company, Japan [29e31]. We used hydrogen treatment of ACF samples to prepare two hydrogen-treated ACF samples, labelled as H-5Å and H-7Å. For this treatment, we applied about 0.8 g of each ACF to the flow of H 2 /Ar with 1/4 v/v and 200 mL/min in total flow rate at 600 C for 24 h. Additionally, we prepared two oxidized ACF samples, labelled as Ox-5Å and Ox-7Å. For this treatment, we treated ACF samples with 10% perhydrol for 3 h at room temperature. After oxidation, we filtrated, washed with deionized water to adjust pH to approximately 7, and then dried the samples. For breakthrough experiments, we used the standard dry formaldehyde gas at 20 ppm of concentration. The formaldehyde was diluted by pure nitrogen (20 ppm HCHO/N 2 ) and it was purchased from Asahi Sanso Company Inc., Japan. We constructed a fixed bed unit with a column of 40 mm in length and 8 mm in diameter. We loaded 100 mg of each ACF sample into the in-house apparatus ( Fig. 1S in the supporting information) and we balanced the 20 ppm formaldehyde-containing standard gas with pure N 2 . As previously, pure N 2 was fed into the system at a flow rate of 100 mL/min and 303 K [3, 4] . Details of the CHN analysis and N 2 porosimetry measurements are given in Section 1 attached to the supporting information.
Molecular models and efficiency factor
We constructed 28 structural models of pure, phenolic-and carboxylic-rich carbon micropores with pore sizes from 3.0 Å to 20.3 Å. The first oxidized carbon model, called phenolic carbon, has 4.9 and 1.1 wt % of oxygen in phenolic and carboxylic groups, respectively (Fig. 1) . The second oxidized carbon model, called carboxylic carbon, has 9.8 and 0.5 wt % of oxygen in carboxylic and phenolic groups, respectively (Fig. 1) . The positions and orientations of phenolic and carboxylic groups on pore walls were generated randomly using the algorithm described elsewhere [32, 33] . The microscopic slit-shaped carbon pore model without any structural defects and edges does not reflect the real molecular level morphology of micropore surfaces in ACFs. Although more realistic three-dimensional models constructed using the reverse MC technique that we used in our other works [22] better reflect the structural heterogeneity of microporous carbons, the objective of this work is to demonstrate the effects of chemical modification that are more transparent with the simplest slit-pore model. Further work may be extended to functionalized three-dimensional carbon models.
For each pore width, H ¼ H cc e 3.4 Å (where H cc is the pore width defined as the distance between the plane passing through all carbon atom centers of the outermost layer of the one wall and the corresponding plane of the opposite wall, Fig. 1 ), we defined and computed the efficiency factor, aðHÞ, which is a measure of the effectiveness of binding of formaldehyde to oxidized carbon ('ox') over pure carbon ('p') [35] :
where K ox ðHÞ and K p ðHÞ corresponds to the Henry constants computed for formaldehyde adsorbed in oxidized and pure carbons at 303 K, respectively. Note that oxygen containing functional groups excluded some volumes close to pore walls, and thus pore width accessible for formaldehyde molecules is decreasing for oxidized slit-shaped carbon pores. To compare theoretical results for pure and oxidized carbons, we used pore width defined above consistently throughout the paper. We computed the Henry constant from the statistical mechanical expression using in-house Metropolis-Ulam Monte Carlo algorithm with OPLS-AA force field (Section 2.1 and 2.4 in the supporting information) [36, 37] . For selected pore widths, e.g. 3.8, 5.0, 6.0, 7.2 and 10 Å, we constructed the theoretical adsorption isotherms (including: stable, metastable and unstable states) and isosteric heat of formaldehyde adsorption in pure and oxidized carbons using the grand canonical (GCMC) [38] and the gauge cell meso-canonical (MCMC) [39, 40] Monte Carlo techniques at 303 K (Section 2.1.-2.3 in the supporting information). From the equilibrium GCMC configurations of adsorbed formaldehyde, we computed the average number of hydrogen bonds (H-bonds) [41, 42] and the X-ray total pair correlation functions (TPCF) of adsorbed formaldehyde using canonical Monte Carlo method and Debye model [43, 44] (Sections 2.5.-2.6 in the supporting information).
Results and discussion
Fig. 2 presents the pore width dependence of the efficiency factor of formaldehyde adsorbed on oxidized over pure carbons computed at zero-coverage at 303 K. For both carboxylic and phenolic carbons, the efficiency factor diminishes in pores larger 7.0 Å and drastically increases in ultramicropores showing a pronounced maximum at~5.8 Å for carboxylic carbons and~3.0 Å for phenolic ones. The secondary well defined maximum at~4.2 Å is also observed for phenolic carbons. The efficiency factor in carboxylic 5.8 Å ultramicropores reaches~5.3,10 4 , because formaldehyde molecules (the hydrogen bond donors) are able to form Hbonds with carboxylic groups (the hydrogen bond acceptors, see GCMC snapshots, Fig. 2 , left panels). Narrow phenolic 3.0e4.2 Å ultramicropores are also quite selective (although by the order of magnitude lower) with efficiency factor of~3.4,10 3 -2.3,10 3 . From GCMC microscopic snapshots (Fig. 2, right panels) , it is evident that formaldehyde molecules are forming H-bonds with phenolic groups. Moreover, specific orientation of formaldehyde imposed by phenolic pore walls influences the efficiency factor in narrow ultramicropores. Thus, we conclude that oxygen-containing functional groups, either phenolic or carboxylic, have profound impact on the efficiency factor but only in a narrow range of ultramicropore sizes. The effective size of formaldehyde molecule is 2.5 Å [1] . Thus, it is clear that oxidation of wider micropores and mesopores with pore width~>8 Å (i.e., pore widths accommodating more than two absorbed layers of formaldehyde, Figs. 2Se5S in the supporting information) has a negligible impact on the capturing of highly diluted formaldehyde. As we show later, in larger micro-and mesopores formaldehyde molecules that are in the contact layers are able to form H-bonds with oxygen-containing functional groups only.
To investigate the impact of phenolic and carboxylic groups on capturing of highly diluted formaldehyde in the wide range of pressures, we compute continuous formaldehyde adsorption isotherms in pure and oxidized 3.8, 5.0, 6.0, 7.2 and 10 Å micropores ( Fig. 3 and Figure 6S in supporting information). In agreement with recent experiment by Carter et al. [10] , we find that adsorption of formaldehyde in oxidized carbons with narrow ultramicropores starts at very low pressures of~1e10 ppm, and the linear Henry isotherm breaks down at~10e100 ppm (bottom panels on Fig. 3 and Figure 6S in the supporting information). The isosteric heat of adsorption in oxidized 3.8 Å ultramicropores extrapolated to zero-coverage~65e69 kJ/mol is continuously decreasing with pore loading because the high energetic adsorption centers (spaces around functional groups) are gradually filled by adsorbed formaldehyde (Fig. 4) . Interestingly, in 3.8 Å ultramicropore preferentially oxidized with carboxylic groups, the isosteric heat of adsorption is lower compared to wider 5.0 and 6.0 Å carboxylic ultramicropores. This anomalous result can be explained by steric constraints generated from carboxylic groups deposited randomly on pore walls. Note, however, that in oxidized 10 Å supermicropores the isosteric heat of adsorption extrapolated to zerocoverage drops to~40e45 kJ/mol. The energetic effect of adsorption is drastically reduced because most of formaldehyde molecules are not able to form high-energetic H-bonds with oxygencontaining functional groups (Fig. 5S in the supporting information). At higher pressures, the adsorption isotherms are smoothed out by "rough" surface of hydrophilic pore walls (right panels on Fig. 3 and Figure 6S in the supporting information). On the contrary, in pure carbons, the adsorption uptake of formaldehyde at <10 3 ppm concentrations is negligible because there are no specific energetic sites on the graphitic walls that are targeted by formaldehyde molecules (bottom panels on Fig. 3 ). The isosteric heat of formaldehyde in pure carbons extrapolated to zerocoverage~15e30 kJ/mol is continuously increasing with pore loading, indicating dominance of fluid-fluid over solid-fluid interactions (Fig. 4) . In wider supermicropores, we observe the formation and growth of formaldehyde films followed by the step-like condensation. It is interesting that formaldehyde is filling supermicropores in a step-wise fashion, similarly to the first-order vapor-liquid phase transitions [45] . The formaldehyde adsorbed amount before the filling step is quite small, as similar to water adsorbed in carbon materials [30,46e51] . In strict contract to water adsorption, the nucleation energy barrier (i.e., the size of the metastability region) for vapor-liquid transition of formaldehyde in supermicropores is negligible, indicating barrier-free nucleation and spontaneous filling of pure and phenolic supermicropores at 10 4 and 10 2 e10 3 ppm, respectively (top right panel in Fig. 3) .
To explore the H-bonding of formaldehyde with phenolic and carboxylic groups, Fig. 5 presents the number of H-bonds per formaldehyde molecule in phenolic and carboxylic carbons as a function of adsorbed amount at different pore widths. The number of H-bonds per formaldehyde molecule in phenolic carbons monotonically decreases with adsorption following the same trend disregarding of the pore width (Fig. 5, top panel) . At low pore loadings, all formaldehyde molecules form H-bonds with phenolic groups, that corresponds to the large efficiency factor of formaldehyde adsorbed in narrow~3.0e4.2 Å ultramicropores (Fig. 2) . The H-bonding of formaldehyde with carboxylic groups depends strongly on the pore width. Snapshots of the GCMC simulations show the mechanistic basis for an excluded volume effect in narrow ultramicropores, the carboxyl groups generate inaccessible spaces, and small formaldehyde clusters are adsorbed in unoxidized parts of ultramicropores (Fig. 5, bottom panel and Fig. 2S , middle panel in the supporting information). The large peak of formaldehyde efficiency factor computed for~5.8 Å ultramicropore with pore walls oxidized with carboxylic groups corresponds to an optimal packing of formaldehyde (Fig. 2) , where the number of H-bonds per formaldehyde molecule is~1 at low pore loadings (data for carboxylic 6.0 Å ultramicropore, Fig. 4, bottom panel) . Widening or narrowing the size of carboxylic micropores lead to reduction of the efficiency factor because the excluded volume effect in narrow micropores and screening of carboxyl groups by contact layers of adsorbed formaldehyde in wider micropores, respectively. This explains the maximum of efficiency factor observed in carboxylic carbon at ~5.8 Å (a single layer of formaldehyde molecules, Fig. 4S , middle panel in the supporting information). Fig. 6 displays the total X-ray pair correlation functions (TPCF) computed from the equilibrium configurations of formaldehyde adsorbed in 3.8, 5.0, 6.0, 7.2 and 10 Å pure/oxidized carbons at 2 atm and 303 K, which corresponds to micropores fully filled with formaldehyde (Figs. 2Se5S in the supporting information) . For carboxylic carbons with narrow 3.8e5.0 Å ultramicropores, TPCF shows dramatic loss of the intermolecular correlations at short and long distances because irregular clusters of formaldehyde are randomly distributed between carboxylic groups. TPCF computed for carboxylic carbon with~6 Å ultramicropores is very similar to TPCF computed for pure and phenolic carbons with~6 Å ultramicropores, indicating similar structure of adsorbed formaldehyde in those carbons. In contrast, TPCF computed for formaldehyde adsorbed in pure and phenolic carbons with 3.8 Å ultramicropores have oscillatory character due to short-range intermolecular correlations. We notice that for all confined formaldehyde peak intensities on TPCF are decreased as a result of the reduced number of neighbors in quasi-two dimensional monolayers (Fig. 6) . However, what is more interesting, we find that correlation peaks are broadening and their maxima are shifted to larger distances as compared to liquid formaldehyde (Fig. 6) . Notable shift to larger intermolecular distances, particularly in narrow~3.8e5 Å ultramicropores, indicates lower density of confined formaldehyde (i.e., weaker intermolecular interactions) at 303 K compared to formaldehyde liquid at 253 K. We can speculate that small accessible volume in narrow ultramicropores restricts the degree of formaldehyde dipole movements that generate observed regularities. Phenolic groups do not change the packing of formaldehyde significantly. Very high efficiency factor of phenolic carbon ultramicropores~3.0e4.2 Å computed at zero-coverage is explained by the accessibility of the phenolic groups and strong H-bonding with formaldehyde. These results suggest that phenolic groups attached to graphitic pore walls do not induce blocking effects in narrow carbon ultramicropores, whereas carboxylic groups do induce excluded volumes and pore blocking.
To bridge the molecular modeling with experiment, we selected two strictly microporous (pore widths <20 Å [5] , Fig. 7 ) samples of pitch-based ACF for experimental investigations of formaldehyde breakthrough using in-house apparatus (Fig. 1S in the supporting  information) . ACF 5 Å is a typical carbon molecular sieve (CMS) with a rationally tuned structure of ultramicropores (pore widths <7 Å [5] ). ACF 7 Å has bimodal structure of micropores with a significant fraction of wider micropores, classified as supermicropores (7 Å < pore widths < 20 Å [5] , Fig. 7(b) ). We used hydrogen treatment and oxidation with perhydrol to generate four samples of ACF (Section 1.1). We treated pure ACF samples with hydrogen at mild conditions to reduce the number of oxygencontaining functional groups without introduction of significant changes into micropore structure. We used mild oxidation with 10% perhydrol rather than boiling concentric nitric acid to introduce surface oxygen groups, predominantly phenolic and carboxylic, without any drastic modifications of micropore structure of ACF. Oxidation with perhydrol eliminates the formation of other surface groups with non-oxygen impurities (e.g. nitrates, nitrides, pyridine, etc.), which can impact on the breakthrough time of formaldehyde. Breakthrough curves obtained at the formaldehyde concentration of 20 ppm in nitrogen over hydrogen treated and oxidized ACF fixed beds at 303 K are presented in Fig. 7(b)-(d) . Two striking features of formaldehyde breakthrough experiments are clearly apparent. First, we note that the column packed with hydrogen-treated ACF 5 Å adsorbent provides~4 times longer protection against highly diluted formaldehyde compared to the column packed with hydrogen-ACF 7 Å adsorbent. Both hydrogen treated ACF samples contain~4 wt % of oxygen (Table 1S in the supporting information), thus, we can assume a similar number of oxygen-containing functional groups (predominantly phenolic and carboxylic [26] ) on micropore walls of 5 Å and 7 Å ACF samples. The drastic impact of the micropore size (i.e. a shift of pore size by~2 Å) on the formaldehyde breakthrough is clearly evident. This experimental result is in agreement with high efficiency factor of formaldehyde in oxidized over pure ultramicropores (~<6 Å) computed at zerocoverage (Fig. 2) . The longer breakthrough time indicates stronger binding of formaldehyde in~5 Å carbon ultramicropores doped with~4 wt % of oxygen at~ppm concentrations, as we find in molecular simulations. Therefore, the dynamic capacity of ACF 5 Å adsorbent is significantly improved as compared to ACF 7 Å adsorbent. Additional doping of ACF with oxygen (i.e., mild oxidation using 10% perhydrol) has profound impact on the formaldehyde breakthrough time measured for the column packed with oxidized ACF 5 Å adsorbent. The protection time against formaldehyde is further increased by~20 min, indicating the cooperative effects of 5 Å ultramicropores and surface oxygen chemistry. On the contrary, the oxidation of carbon has negligible impact on the formaldehyde breakthrough time measured for the column packed with ACF 7 Å adsorbent. Indeed, molecular modeling shows that oxidation of carbon pore walls of larger micropores does not improve the efficiency factor of oxidized over pure carbons significantly (Fig. 2) .
Conclusions
In this work, we have investigated the microscopic mechanism of formaldehyde adsorption in structural models of pure and oxidized carbons at 303 K, revealing cooperative effects of micropore size and surface oxygen chemistry on capture of formaldehyde at~ppm concentrations. From molecular modeling, we find large efficiency factor of formaldehyde in~5.8 Å and~3.0e4.0 Å ultramicropores oxidized with carboxylic and phenolic groups over pure ultramicropores, respectively (Fig. 2) , which can be explained by formation of H-bonds between formaldehyde and surface functional groups. Furthermore, we find the excluded volume effects in narrow ultramicropores generated by carboxylic groups that leads to the dramatic decrease of formaldehyde capture in carboxylic carbons with narrow 3.0e4.0 Å ultramicropores. Oxidation of supermicropores and narrow mesopores with pore size~>7.0 Å has a negligible impact on the capture of highly diluted formaldehyde, that can be explained by reduction of the number of H-bonds of formaldehyde with oxygen-containing functional groups (Fig. 5) . Experimental measurements of breakthrough time of formaldehyde through pure and oxidized ACF packed bed column confirm the simulation predictions and show that oxidized nanocarbons with optimized pore size~<6 Å have a great potential for highly diluted formaldehyde capture (Fig. 7) . This study is a promising example of the use of molecular modeling for in-silico screening and design of optimal nanoporous carbon adsorbents for air purification from highly diluted toxic industrial chemicals.
